OA 82-26751) Localization of cell membrane markers in dissociated frog urinary bladder epithelial cells was studied. The bladder cells began to alter in shape immediately after dissociation and became spherical within 15 min at room temperature. The apical marker, dialyzed iron (DI), was found on the entire surface of dissociated and transformed cells, whereas the basolateral marker, horseradish peroxidase-glutaraldehyde (HRP-GLA) staining, first gathered at one pole and then became distributed over a larger area. Thus the apparent loss of polarity was not parallel with the true surface uniformity. When bladder cells were dissociated in the presence of cytochalasin B (CB) or 2,4-dinitrophenol (DNP), the transformation was suppressed and the cells maintained structural polarity. DI and HRP-GLA were mostly confined to the original region in CB-treated cells, but both moved to the other membrane region in DNPtreated cells. The results indicated that an aerobic adenosine triphosphate supply, as well as the tight junction, is involved in maintaining regional differentiation of the cell membrane.
Introduction
The fluid nature of the cell membrane (1) has been wellestablished, being explicitly shown in cultured cells by Frye and Edidin (5) . However, in more differentiated cells some restriction on movement of membrane molecules must exist in order to maintain regional diversity. In epithelial cells, the tight junction has been thought of as a mechanism of demarcation between the apical and basolateral membranes. Once the junction is disrupted, differentiation seems to be lost; this has been attributed to molecular diffusion in the membrane plane (11, 13, 14) . However, gross structural change that may greatly affect the results could occur simultaneously if the junction was made to break down (7) .
We found in a previous study (6) that frog urinary bladder epithelial cells (granular cells) totally lost their polarized structure after dissociation, but that the loss of polarity seemed to derive from an energy-dependent transformation process; the basolateral membrane was engulfed and formed intracellular vacuoles, whereas the seemingly apical membrane became extended to cover the whole cell surface. In those cells, the 'Presented as part of the program at the 1982 Joint Meeting of the American and Japanese Histochemical Societies, held in Vancouver, British Columbia, Canada, July 20-24, 1982. 2 Supported by Grants-in-Aid for Encouragement of Young Scientists Nos. 56770011 and 57770013 from the Ministry of Education, Science and Culture, the Japanese Government. existence of apical markers on the entire surface of dissociated cells, observed by previous researchers (13) , does not necessarily indicate molecular diffusion. To clarify the nature of the two membrane regions, basolateral as well as apical markers should be pursued. In the present study, three cytochemical labels of cell membrane, which bind to the apical membrane, basolateral membrane, or both, were examined in dissociated bladder cells. Furthermore, the movements of labels were followed on the surface of dissociated cells in the presence of cytochalasin B or 2,4-dinitrophenol, which modified or suppressed the transformation process and preserved the apparent polarity.
Materials and Methods
Adult bullfrogs (Rana catesbiana) were pithed and the urinary bladder was excised. After rinsing, the epithelial cells were dissociated in Ca' `free Ringer solution containing 2 mM ethylenediaminetetraacetic acid (EDTA) (6, 13) . The dissociated cells were incubated for up to 45 min (in some cases up to 60 min) at room temperature (RT) (ca. 18-22°C) or at 37°C under air. To examine the drug effects, 2 x 10 -' M cytochalasin B (CB) (Sigma Chemical Co., St. Louis, MO) or 1 x 10 -4 M 2,4-dinittophenol (DNP) (Wako Pure Chem. Ind., Ltd., Osaka) was added to the Ca t -free solution in some experiments.
The following cytochemical stainings were performed to examine cell surface alteration. 1) Dialyzed iron (DI) staining: The cells were fixed with 2.5% glutaraldehyde (GLA) for over 2 hr. After rinsing, staining was done for 15-18 hr at RT, according to Hardin and Spicer (10). 2) Horseradish peroxidase-glutaraldehyde (HRP-GLA) staining: The cells were treated with a mixture of 1 mg/ml HRP (type II, Sigma Chemical Co. or Grade I-C, Toyobo Co., Ltd., Osaka) and 1% GLA for 30 min at 4°C. After rinsing, the diaminobenzidine (DAB) reaction was performed for 30 min at RT. In some cases, 1 mg/ml HRP was included in the Cat +-free Ringer solution during the incubation and GLA was added at the end to a final concentration of 1%. 3) Two-step concanavalin A-horseradish peroxidase (Con A-HRP) labeling: The cells, fixed with 2.5% GLA for 1-2 hr at RT, were processed by the method of Bernhard and Avrameas (1) . As a control, 0.2 M a-methylmannoside (Nakarai Chem., Ltd., Kyoto) was added to the Con A (type IV, Sigma Chemical Co.) solution.
To confirm the in situ localization of the above markers, not only freshly dissociated cells, but also epithelial cell sheets scraped by a scalpel after brief GLA fixation, were examined. The use of the latter sample excluded any possible influence of divalent cation chelation on cytochemical reactions as well.
The stained samples were postfixed with 1% osmium tetroxide for 60 min at 4°C, dehydrated, and embedded in Spurr's resin (15) . Ultrathin sections without counterstain, or sections stained either with uranyl acetate alone or doubly with uranyl acetate and lead citrate, were observed with aJEOL 1000 electron microscope operated at 80 kV.
Results
Frog urinary bladder epithelial cells (granular cells) underwent a peculiar process of transformation when dissociated, which was completed within 15 min at RT (Figure 1 ; see also ref.
6).
Freshly dissociated cells, as well as scraped epithelial cell sheets, revealed DI staining on the apical surface and in the apical granules, but not on the basolateral surface ( Figure 2 ). During the course of transformation, the DI-stained area gradually became wider and, finally, in cells shaped like those in Figure ld , was seen to spread almost evenly onto the whole cell surface ( Figure 3 ). The newly formed vacuolar membrane in the cytoplasm was not stained at all.
When frog bladder cells, either unfixed or briefly fixed, were incubated in a mixture of HRP and GLA, HRP molecules were found, by the DAB reaction, to bind exclusively to the basolateral membrane ( Figure 4 ). This reaction was so stable that it was used as a basolateral membrane marker in this experiment (this reaction is hereafter referred to as "HRP-GLA staining"). The HRP-GLA-stained area, which at first occupied more than half of the whole surface, became restricted to a narrow area at one pole of the cell at 15 min after dissociation ( Figure 5 ). Once the apparent polarity was lost, precise estimation of the stained area was difficult. However, it seemed to be smallest at about 15 min, when cells had just completed their gross shape change, and thereafter it appeared to become larger ( Figure 6 ). In some cells at 45 min of incubation, the area covered more than half of the cell surface ( Figure 7) . The staining reaction, however, was weaker and sometimes hardly visible in cells of longer incubation. The newly formed vacuolar membrane showed deposits when cells were incubated with HRP during the transformation (Figures 5, 7) but only slightly in cells incubated without HRP ( Figure  6 ). This indicates that the vacuoles were derived from the basolateral membrane but for the most part had lost their connection to the outer surface.
Concanavalin A (Con A) receptor was found all around the freshly dissociated granular cells when visualized by two-step Con A-HRP labeling ( Figure 8 ). Some reaction products in the apical surface were seen apart from the membrane, whereas those on the basolateral surface were not. When a-methylmannoside was added to the Con A solution, the reaction was completely abolished. In cells that had completed the transformation process, the Con A receptor was seen evenly distributed, and reaction products detached from the membrane were found over the entire surface ( Figure 9 ).
All of these observations are consistent with the view that during the transformation process, almost all the basolateral materials were engulfed into newly formed intracellular vacuoles and that the final cell surface consists mostly of the original apical materials.
In our previous study (6) , we found that cytochalasin B (CB) modified the transformation process; that is, although the basolateral plications were lost, the apical surface remained intact and the polarity of cell structure was maintained. This situation would seem to favor assessment of the extent of marker dislocation. After 45 min of incubation at 37°C (rather than at RT, to increase membrane fluidity), the smoothed basolateral surface began to reveal a few small DI deposits (Figure 10 ). On the other hand, HRP-GLA staining remained almost totally confined to the basolateral surface, and in the apical region only a small area close to the boundary became positive (Figure 11 ).
DNP suppressed both intercellular dissociation and transformation of dissociated epithelial cells, hence the apical and basolateral structures seemed unchanged. Most of the membrane constituents initially existing on the cell surface are assumed not to remain engulfed. Because complete isolation of epithelial cells was rare and most of them existed as sheets, cells at the edge (thus separated at least from one of the neighboring cells), as well as completely isolated cells, were examined. In DNP-treated cells the DI stain showed larger and more extensive deposits along the basolateral membrane than in CB-treated cells ( Figure 12 ). As compared to the HRP-GLA method, DNP-treated cells revealed a wider and stronger area of positive staining on the apical surface ( Figure 13 ). However, in the cells surrounded by neighbors in the center of the sheets, both markers remained within the original region of the membrane (Figure 14 ). Therefore, even though the apparent morphological polarity of dissociated cells was preserved both with CB and DNP, the latter reagent seemed to make the labeled membrane molecules move more freely and lose their polarized distribution.
Discussion
Our first assumption was largely confirmed by the present results. Whereas the apical label, DI, and the whole surface label, Con A-HRP, were found almost uniformly over the entire surface 15 min after dissociation, the basolateral label, HRP-GLA, significantly reduced in amount, was limited to a local area. Although polarity seems to be lost when only the former two labels are seen, the cell surface has not yet become truly uniform. HRP-GLA staining was also found in the newly formed intracellular vacuoles when HRP was included in the dissociation medium, indicating that the vacuoles were derived from the original basolateral membrane. These findings suggest that the alteration in gross cell shape proceeded rapidly to bring about the apparent loss of polarity, but that random diffusion of membrane constituents was insufficient to affect the whole surface at that time. The larger area of HRP-GLA staining at 45 min after dissociation than at 15 min may reflect diffusion per se. Our observations appear to confirm that the hitherto overlooked energy-dependent transformation (6,7) plays a major role in dissociated bladder cells.
In evaluating the results concerning dissociated cells, how tight junctions are separated is a matter of as yet unresolved. Tight junctions are generally assumed to "break down" when cells are dissociated. However, if tight junctions are distinctly separated at the intercellular interface, it is possible that each isolated cell still retains intact strands on the surface. In this case, the tight junction may continue to function as a barrier between the apical and basolateral membrane regions. In the present experiment, however, it seems that tight junctions are not separated at the interface but rather that a small portion of cytoplasm is pinched off and adheres to an adjacent cell. The following observations supported this assumption. 1) A small fragment of cell membrane adhering to isolated cells with the tight junction was frequently seen in thin sections (e.g., Figures 4b, 11, 13 ). 2) Ridges and grooves (i.e., the P and E faces of junctional strands) are seen intermixing on the surface of isolated cells in freeze replicas (6) . Therefore, dissociated cells may possess junctional strands of various types and numbers. However, because most strands are assumed to be disrupted in some regions and because retained strands appear to be ultimately taken into intracellular vesicles (6), most cells must have openings between the apical and basolateral membranes.
In order to estimate the extent of molecular diffusion on the surface of isolated cells, the gross transformation should be suppressed. In this respect, the cells dissociated in the presence of CB or DNP were appropriate, because they maintained apparent structural polarity during the incubation (6) and displacement of the surface markers itself could therefore be clearly appreciated. DI, binding to acid mucopolysaccharide (10), may represent glycoproteins (and possibly a small amount of glycolipids), while the HRP-GLA-stained molecules are also assumed to be proteinaceous in nature (T. Fujimoto and K. Ogawa, manuscript in preparation). In contrast to lipids, proteins are generally found to diffuse only slowly in the plane of the cell membrane (2, 3) . A very limited degree of dislocation of the DI and HRP-GLA labels in CB-treated cells may indicate that the labels' mobility is restricted. The labels, however, revealed extensive dislocation in DNP-treated cells. Because tight junctions may be similarly disrupted both in CBand DNP-treated cells, it appears that decrease of cellular adenosine triphosphate (ATP) content caused by DNP treatment accelerated the labels' mobility (16) . How membrane proteins are restricted in lateral mobility is not known; however, they may be anchored to the underlying cytoskeleton, as suggested in the transmembrane control model (12) . The restriction mechanism may require an aerobic ATP supply; thus, when it is suppressed by DNP, proteins may be released and become mobile. The diffusion of the HRP-GLA label in fully transformed cells can be explained by assuming that transmembrane control was lost when the cytoskeleton was drastically altered during the transformation process. It is possible, however, that intramembrane molecular association, such as lipid domains, may also contribute to the regional differentiation of the cell membrane (4) and that it was disrupted by DNP treatment or transformation. In this context, the extensive fusion of the basolateral membrane, in contrast with the apical one, during the transformation is interesting because it might reflect the difference of a lipid's state between the two regions.
Some researchers have reported that proteins lost their polarized distribution in simply dissociated cells (9, 11, 13) . This discrepancy from our results could be explained by differences in cell species, dissociation procedure, or labels used. In some cases, however, it appears that the possibility of cellular transformation was not thoroughly examined at the ultrastructural Ievel. The findings of Dragsten et al. (2) that lectin probes seen to disperse quickly over the entire surface after cell dis- Lastly, the role of the tight junction should be discussed. The tight junction has often been assumed to be the single mechanism for maintaining membrane polarity. That the strands work as a barrier was confirmed in the present study, because the labels were never observed to redistribute within cells encircled by the junction. However, our results also showed that at least for some molecules, as revealed by the DI and HRP-GLA staining, the tight junction is not the sole deter- minant of polarized distribution. In other words, disruption of the junction is a necessary but not a sufficient condition for the cell membrane to lose its regional differentiation. It appears that interactions with cytoskeletal elements and/or intramembrane molecular associations may play some role in maintaining polarity, and that an energy supply is indispensable to maintaining them in order.
